Introduction {#s0005}
============

Head and neck cancers account for 3%-4% of all cancer in the United States \[[@bb0005]\]. Human head and neck cancer cell lines are valuable tools for basic research, and the University of Michigan squamous cell carcinoma (UM-SCC) cell lines have been widely used around the world \[[@bb0010],[@bb0015]\]. We have established more than 120 human head and neck squamous cell carcinoma (HNSCC) cell lines from patients treated at the University of Michigan, including three that are human papillomavirus (HPV) positive \[[@bb0020], [@bb0025], [@bb0030]\]. The UM-SCC cell lines are representative of all anatomic sites in the head and neck region, with the most common being larynx, oral cavity, oropharynx, and hypopharynx.

In addition to the widely known risk factors of smoking and alcohol consumption, high-risk HPV (HPV+) has become an important etiologic factor in HNSCC and especially oropharyngeal squamous cell cancers (OPSCCs) \[[@bb0035]\]. HPV+ HNSCC mostly arise in the oropharynx but also occur in the larynx, nasopharynx, and oral cavity \[[@bb0040], [@bb0045], [@bb0050], [@bb0055]\]. Three-year survival rates of 70% and more have been reported for patients with HPV-driven oropharyngeal tumors \[[@bb0060], [@bb0065], [@bb0070], [@bb0075]\]. While HPV+ laryngeal cancers may have a survival advantage when other factors are taken into account \[[@bb0045]\], HPV+ tumors arising in the oral cavity do not share the survival advantage of HPV+ OPSCC \[[@bb0080],[@bb0085]\]. Unfortunately, most HNSCC cell lines, even those that are HPV+, are from patients with progressive disease \[[@bb0030]\], whereas only a few cell lines are from patients who have prolonged progression-free survival after treatment. This raises the following question: Are there differences that can be identified in the cell lines from those cancers that progress and those that do not?

In this study, we selected two of our laryngeal-based cancer cell lines (one HPV+ and one HPV−) that are from rare long-term survivors and three of our oral cavity cell lines (two HPV+, one HPV−) from patients with rapid tumor progression. It should be noted that these cell lines were not derived from HPV+ OPSCCs that typically respond well to treatment. [Although our cell lines (UM-SCC-17A, -38, -47, -104, and -105) are widely used by other researchers, we are the first to compare the characteristics that distinguish HNSCC cell lines from patients who had prolonged disease-free survival (DFS) after treatment to those of cell lines from patients who experienced rapid progression after treatment.]{.ul} The cell lines were evaluated for growth patterns; proliferation rates; and expression of key tumor biomarkers including TP53, RB1, p16, E6, E7, epidermal growth factor receptor (EGFR), Cyclin D1, Ki-67, and total and active beta-catenin.

Methods {#s0010}
=======

Cell Culture and Cell Lines {#s0015}
---------------------------

The UM-SCC cell lines were developed in our laboratory following written informed consent from the patients granting their permission to use excess tissue removed at the time of treatment for research studies, including the development of cell lines[. To minimize the possibilities of genetic drift, cross contamination or selection of minor clones, established cell lines are genotyped and tested for mycoplasma and refrozen in barcoded cryovials each time the cells are removed from the freezer. This maintains batches of genotyped and mycoplasma negative cells at low passage numbers. For all experiments, all five UM-SCC cell lines were used at the lowest available passages.]{.ul} These studies were reviewed and approved by the University of Michigan Medical School Institutional Review Board over a period of 38+ years (current IRB HUM00042189). The cell lines selected for this study included UM-SCC-17A \[[@bb0090]\], UM-SCC-38 \[[@bb0095]\], UM-SCC-47, UM-SCC-104, and UM-SCC-105 \[[@bb0030],[@bb0100]\]. CaSki (HPV16+ cervical cancer) \[[@bb0105]\], HeLa (HPV18+ cervical cancer) \[[@bb0110]\], and HOK-16B (HPV16+ transformed normal human oral keratinocyte) \[[@bb0115],[@bb0120]\] cell lines were used as controls and were generously provided by the originators, ensuring correct provenance. Additionally, all cell lines were genotyped using Profiler Plus ([ThermoFisher.com](http://ThermoFisher.com){#ir0005}) \[[@bb0025]\], and the genotype confirmed their identity.

Tumor cell lines were grown in complete Dulbecco\'s modified Eagle medium containing 2 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml) (Invitrogen), and 10% fetal bovine serum (Sigma-Aldrich). HOK-16B was grown in keratinocyte growth medium with supplements (Invitrogen). All cultured cells were incubated at 37°C in 5% CO~2~ and room air. Mycoplasma tests were done routinely to rule out contamination using a MycoAlert kit (Lonza, [Lonza.com/research](http://Lonza.com/research){#ir0010}).

Cell Proliferation {#s0020}
------------------

Cells in exponential growth were detached with trypsin (0.1% with 0.125% EDTA) (1:3 diluted trypsin solution was used to detach HOK-16B) and passed into plates or flasks to maintain exponential growth. For proliferation experiments, UM-SCC cell lines were plated in duplicate at 250,000 viable cells/well in six-well plates (9.5 cm^2^) and counted every other day for 17 days. HOK-16B cells were plated at 40,000 cells/well in six-well plates. For biomarker expression by immunofluorescence, multiple six-well plates were prepared with coverslips and seeded with 250,000 cells/well from the same cell suspension used for proliferation. In addition, duplicate T-25 flasks were seeded with 500,000 cells/flask for protein harvests. For the cell growth experiments, the medium was changed every 3 days. Cells were harvested and resuspended in 100-500 μl media for counting with trypan blue to obtain viable cell counts. On the same days as the cell counts, coverslips were harvested and fixed, and flasks were harvested at each time point for protein isolation. HeLa and CaSki cells were not included in the cell proliferation studies but were used for comparative protein expression during midexponential growth.

Immunofluorescence and Western Blotting {#s0025}
---------------------------------------

Immunofluorescence (IF) assays were performed as previously described \[[@bb0125]\]. Cells grown on coverslips from multiple six-well plates were fixed with 2% formaldehyde and permeabilized with 0.2% Triton x-100.Primary antibodies were incubated for 2 hours, and after washing, secondary antibodies were incubated for 45 minutes at room temperature. Photomicrographs of IF staining were taken at the same gain for each antibody using the confocal or inverted phase contrast microscope equipped for fluorescence.

Primary antibodies included: TP53 clone DO-1 and RB1 clone Rb1 (ThermoFisher Scientific); CINtec-kit for p16, also called p16^INK4a^ (clone E6H4 Roche Diagnostic); EGFR (anti-EGFR clone 31G7) (Invitrogen); Cyclin D1 (Santa Cruz Biotechnology); Ki-67 (Millipore/Sigma); anti--beta-catenin clone 14 (610,153 BD Biosciences); and monoclonal rabbit antibody to active (nonphosphorylated ser33/37/thr41) beta-catenin (D13A1 Cell Signaling). The antibodies to [TP53 (clone DO-1) and RB1 (clone RB1) are specified by the manufacturer to bind well to both wild-type (WT) and mutant protein.]{.ul} Goat anti-mouse and goat anti-rabbit IgG heavy and light chain specific secondary antibodies, labeled with Alexa 546 (Invitrogen), were used to detect primary antibody binding. Light and confocal microscopy photographs were obtained.

Immunoprecipitation and Western blotting were carried out as previously described \[[@bb0130]\]. Cells plated at 500,000 cells/T-25 flask (for HOK-16B, 80,000 cells/T-25) were lysed and sonicated in RIPA buffer and kept frozen at −80°C. Protein concentrations were determined using the BCA (Pierce) assay. Western blots (WBs) were loaded with 25-50 μg of protein for each lane as noted. Blots were probed with the same anti-TP53, RB1, p16, EGFR, Cyclin D1, Ki-67, and beta-catenin antibodies as listed above. Prediluted antibodies to p16 and EGFR were further diluted to 1:10. Most antibodies were used at 1:100 to 1:1000. Beta-catenin clone 14 was used at 1:10,000. Anti-GAPDH (Santa Cruz Biotechnology) (diluted 1:3000) provided a control for protein loading.

Detection of E6 and E7 proteins is difficult. Therefore, we modified existing methods to increase our ability to detect the viral oncoproteins. These included increased protein loading, longer incubation times, and mixtures of antibodies to overcome the low affinities of individual antiviral oncoprotein antibodies. In WB experiments for E7, 50 μg protein/sample was used for SDS-PAGE. Transferred proteins were blocked with 5% milk for an hour followed by E7 antibodies (HPV16 E7 sc-65,711, HPV18 E7 sc-365,035, from Santa Cruz Biotechnology) with incubation at a dilution of 1:50 to 1:100 for 24 to 48 hours at 4°C or 1:100 and 1:500 for four nights at 4°C. For E6 protein detection, antibodies specific for HPV16/18 E6 (sc-460) and HPV18 E6 (sc-365089) from Santa Cruz Biotechnology were used. Since the abundance of E6 protein was low, it was first concentrated by immunoprecipitation with an antibody specific for HPV16/18 E6 conjugated to agarose beads. Cell extracts containing 300-500 μg of protein were mixed with 10 μl of agarose-coupled E6 antibody (HPV16 E6/18 E6 AC, sc-460AC, Santa Cruz Biotechnology) and rocked overnight at 4°C. Beads carrying the precipitated E6 protein were washed and boiled in nonreducing sample buffer. From briefly spun samples, the supernatants were saved and mixed with beta-mercaptoethanol for loading on SDS-PAGE gels. The immunoprecipitated E6 protein was blotted and probed with HPV16/18 E6-specific antibody and HPV18 E6-specific antibody mixed together and was incubated for three to five nights at 4°C.

For Western blotting, goat anti-mouse and anti-rabbit IgG heavy and light chain specific secondary antibodies conjugated to HRP (Jackson Immunochemicals) were used at 1:1000 to 1:2000, except for GAPDH where the secondary antibody was used at 1:20,000. Protein bands were visualized with an enhanced chemiluminescent reaction (GE Healthcare Life Sciences).

To better appreciate the differences in protein expression in the WBs for each of the cell lines, we used ImageJ to calculate semiquantitative values for biomarker expression taking into account the GAPDH loading control. Since E6 was immunoprecipitated, a loading control was not available. Therefore, the E6 blot was assessed for staining density per unit area of the band normalized to the staining density of the UM-SCC-105 E6 band from the early exponential growth phase set to 1.00.

Results {#s0030}
=======

Cell Line Donor History {#s0035}
-----------------------

The donor of the UM-SCC-17A cell line (HPV−) \[[@bb0090]\] was a 48-year-old white female with a 40-pack-year history of cigarette smoking who developed a T1N0M0 cancer of the larynx that was treated initially by radiation (60 Gy). The tumor persisted and was restaged as T2N0M0. The patient underwent laryngectomy, and the UM-SCC-17A cell line was established from tumor within the larynx, although invasion through the laryngeal cartilage was present. This patient remained free of disease for at least 17 years before succumbing to a lung cancer that could have been a new primary tumor or an indolent metastasis from the laryngeal cancer ([Table 1](#t0005){ref-type="table"} summarizes the characteristics of each cell line, including donor history).Table 1Cell Line Characteristics, *TP53* Genotype, HPV Status, Growth Characteristics, Tumor Site and Stage, and Patient SurvivalTable 1Cell LineHPV StatusLag Phase (Hours)Start of Exponential Proliferation (Day)Max Cell Density (Day)Primary Site and StageAlcohol and Smoking HistorySurvival from Time of DiagnosisUM-SCC-17AHPV-21694.5 million \[[@bb0085]\]Larynx T1N0M0; persistence after radiationNondrinker;\
40 pack-years of smoking17 years[⁎](#tf0005){ref-type="table-fn"}UM-SCC-38HPV-843.55.5 million \[[@bb0065]\]Tonsillar pillar T2N2M025 years of heavy alcohol use; 80 pack-years of smoking11 months DODUM-SCC-47HPV16+843.54.9 million \[[@bb0065]\]Lateral tongue\
T3N1M0Alcohol use unknown; suspected tobacco use7 months DODUM-SCC-104HPV16+12055 million \[[@bb0055]\]Primary site unknown; recurrence floor of mouth2 alcohol drinks/day; 40 pack-years of smoking2 years DODUM-SCC-105HPV18+27611.51.8 million \[[@bb0065]\]Larynx T4N0M0No alcohol use reported; nonsmoker\>7 years NEDHOK-16BHPV16+7231.9 million \[[@bb0045]\]; 2.3 million \[[@bb0085]\]Human oral keratinocytesN/AN/A[^1][^2]

UM-SCC-38 (HPV−) \[[@bb0095]\] was developed from primary surgical treatment of a T2N2M0 cancer of the tonsillar fossa and base of tongue in a 60-year-old black male with an 80-pack-year history of cigarette smoking and 25 years of heavy alcohol use. The patient was treated with a partial tongue resection, radical neck dissection, and full-course radiation after surgery. The cell line was established from the tongue resection. His tumor recurred, and despite additional surgery and chemotherapy, he succumbed 11 months after his initial diagnosis and treatment.

UM-SCC-47 (HPV16+) \[[@bb0025],[@bb0030]\] was established from a 53-year-old Hispanic male with an unknown but suspected smoking history who developed a T3N1M0 tumor of the lateral tongue. He was treated with a partial tongue resection, which provided tissue for the cell line, and radical neck dissection. He was referred for postoperative radiation at an outside hospital. His tumor progressed after treatment, and he died 7 months after diagnosis and surgical treatment.

UM-SCC-104 (HPV16+) \[[@bb0020]\] was established from a 56-year-old white male, with a history of 40 pack-years of cigarette smoking and 2 alcoholic drinks/day, who presented with a recurrent floor of mouth cancer as described previously \[[@bb0020],[@bb0030]\]. After two surgeries plus chemotherapy and radiation, he was referred to the University of Michigan, where the persistent tumor was restaged as T4N2bM0. The floor of mouth and tongue tumor were resected, and tissue was sent to the laboratory for cell line establishment. The tumor progressed, and he succumbed 2 years after diagnosis.

UM-SCC-105 (HPV18+) \[[@bb0030]\] was established from the laryngectomy specimen of a nonsmoking, nondrinking 51-year-old white male with a T4N0M0 squamous cancer of the larynx who had been treated for a hoarse voice for more than a year until he suffered airway obstruction and was discovered to have a large tumor of the vocal cord. He was initially treated with TPF (Taxotere, 5FU, and carboplatin), but due to adverse reactions to the drugs, including neutropenia and electrolyte imbalances, he was referred to the University of Michigan and treated with a total laryngectomy and postoperative radiation therapy (RT). He remains alive with no evidence of disease more than 7 years after diagnosis.

Cell Proliferation {#s0040}
------------------

The growth pattern and morphology of the cells in culture are shown in [Figure 1](#f0005){ref-type="fig"}. The fastest-growing tumor cells, UM-SCC-38, -47, and -104, had short lag phases (3-5 days) before exponential growth and completed 4.25 population doublings within 11-13 days. Cell numbers decreased after reaching maximum cell density, probably due to competition for space and nutrients. Only UM-SCC-104 rebounded after such a decline in cell numbers. These three cell lines formed large islands that coalesced into monolayers rapidly, while UM-SCC-17A and -105 each had longer lag phases and tended to grow in smaller islands. The UM-SCC-17A islands increased in cell density without covering the entire surface of the culture vessel, whereas UM-SCC-105 islands consisted of large cells that slowly merged to form loosely packed low-density monolayers. HOK-16B grew rapidly as independent cells that were loosely attached to the substrate.Figure 1Phase contrast micrographs of cell lines from the exponential growth phase. Representative images taken during the exponential growth phase for each cell line including the passage number of the cells used in the study. *In vitro* passage number for HOK-16B is unknown. Phase contrast microscopy at 100× magnification. Scale bars = 150 μm.Figure 1

UM-SCC-17A required 17 days to complete slightly over 4 doublings ([Figure 2](#f0010){ref-type="fig"}; [Table 1](#t0005){ref-type="table"}). UM-SCC-105 completed only 2.5 doublings over 13 days, and after maximal density of only 1.8 × 10^6^ cells, UM-SCC-105 lost viable cells from day 13 to day 17. HOK-16B, which was plated at 4 × 10^4^ cells per well, had a short lag phase, grew very rapidly, and underwent 5.5 doublings, reaching maximal cell density of 1.9 × 10^6^ cells in 9 days. After that point, many cells detached from the plate surface and were replaced by rapidly growing cells repopulating the open space and reaching a new high density of 2.3 × 10^6^ cells on day 17 ([Figure 2](#f0010){ref-type="fig"}).Figure 2Composite cell growth curves for all cell lines. Growth dynamics show strong early (i.e., short lag phase after plating) growth to reach high maximal cell density (\~5 × 10^6^ cells/well) within 11-13 days in UM-SCC-38, -47, and - 104 (red lines). In contrast, UM-SCC-17A and - 105 (blue lines) exhibited a prolonged lag phase of slow proliferation prior to reaching exponential growth starting on day 9 and 11, respectively. HOK-16B control cells (black line) exhibited early rapid doubling, reaching 1.9 × 10^6^ cells/well on day 9, after which the cells sloughed off the plate before resuming rapid proliferation on day 15.Figure 2

Immunofluorescence {#s0045}
------------------

Proliferating cells were tested for expression of Ki-67 (*MKI67*), TP53 (*TP53*), p16 (*CDKN2A*), total beta-catenin (*CTNNB1*), and active beta-catenin using IF ([Figure 3](#f0015){ref-type="fig"}). For Ki-67, TP53, and p16, the strongest protein staining was observed by IF during exponential growth prior to reaching higher density[. These photos were taken between days 5 and 9. Photomicrographs of these same markers during earlier (days 1-3) and later (days 15-18) stages of the proliferation experiments are shown in]{.ul} [sFigure 1](#ec0005){ref-type="supplementary-material"} and 2 and [2](#ec0010){ref-type="supplementary-material"}, [respectively.]{.ul} The nuclear proliferation marker Ki-67 ([Figure 3](#f0015){ref-type="fig"}*A*) was highly expressed in all cell lines during the midexponential growth phase, and its expression tended to decrease as proliferation slowed at high cell density ([sFigure 2](#ec0010){ref-type="supplementary-material"}*A*). TP53 protein expression was high only in HPV− UM-SCC-38, the only cell line with mutant *TP53.* The remaining cell lines contained WT *TP53* and showed very weak fluorescence ([Figure 3](#f0015){ref-type="fig"}*B*). IF expression of p16 was absent in the HPV− cell lines, weak in UM-SCC-47, and stronger in UM-SCC-104 and -105 and HOK-16B ([Figure 3](#f0015){ref-type="fig"}*C*). We compared the expression of total ([Figure 3](#f0015){ref-type="fig"}*D*) and active (nonphosphorylated) beta-catenin ([Figure 3](#f0015){ref-type="fig"}*E*) using antibodies reported to distinguish the active form from membrane-bound beta-catenin. For each cell line, the total and active beta-catenin showed membrane staining in all cell lines. However, in UM-SCC-38, -104, and to a lesser extent in -47, nuclear staining was present.

Western Blots {#s0050}
-------------

WB experiments were performed to better characterize the levels of key protein biomarkers, TP53, RB1, p16, HPV E6 and E7, EGFR, Cyclin D1, Ki-67, total beta-catenin, and active beta-catenin, using cell extracts from cells in midexponential growth ([Figure 4](#f0020){ref-type="fig"}). TP53 protein was most strongly expressed in UM-SCC-38. Lower levels of expression were observed in UM-SCC-17A, UM-SCC-105, HeLa, and CaSki. UM-SCC-47 and -104 displayed very little TP53 ([Figure 4](#f0020){ref-type="fig"}*A*). RB1 was highly expressed in UM-SCC-104, HeLa, and CaSki; lower in UM-SCC-17A, -38, and -105; and lowest in UM-SCC-47 ([Figure 4](#f0020){ref-type="fig"}*B*). p16 protein was expressed by all HPV+ cell lines, with lower expression in UM-SCC-47 and HeLa ([Figure 4](#f0020){ref-type="fig"}*C*).Figure 3Immunofluorescence microscopy of protein biomarkers. Ki-67 (A), TP53 (B), p16 (C), total beta-catenin (D), and active beta-catenin (E) in all cell lines during exponential growth phases. Cells were at roughly 70% confluence. Photomicrographs were taken during days 5-9 with an inverted light microscope equipped for fluorescence. Scale bars = 50 μm.Figure 3Figure 4Biomarker expression by Western blotting during exponential growth phase. TP53 (A), RB1 (B), p16 (C), E6 (D), E7 (E), EGFR (F), Cyclin D1 (G), Ki-67 (H), total beta-catenin (I), and active beta-catenin (J). Protein was loaded at 50 μg per lane for all biomarkers except for total beta-catenin and active beta-catenin, which were loaded with 25 μg of protein. GAPDH was included as a loading control. (C and F) The same GAPDH staining was used since p16 and EGFR were probed from the same blot. (D) E6 was the only protein that was immunoprecipitated prior to WB due to its weaker expression. As a result, it was not possible to show a loading control. E6 was probed both in early (days 5-6) and later exponential growth phase (days 9-10, indicated by \*). (G) Cyclin D1 staining was stripped to detect GAPDH.Figure 4

HPV E6 and E7 were expressed exclusively in the HPV+ cell lines. E6 expression varied with time from plating such that it was barely detectable on days 5 or 6 in UM-SCC-47, -104, and -105 but became stronger on days 9 and 10 ([Figure 4](#f0020){ref-type="fig"}*D*, note asterisk on later dates). E6 expression in UM-SCC-47 and CaSki was barely detectable regardless of sample date ([Figure 4](#f0020){ref-type="fig"}*D*). [E6 protein in the CaSki cell line was difficult to detect when exposed together with the other cell lines. Longer exposure revealed that the E6 protein was present but at lower abundance.]{.ul} In contrast, E7 was strongly expressed in UM-SCC-47, UM-SCC-104, and CaSki. In HPV18+ UM-SCC-105 and HeLa, E7 expression was less pronounced and migrated at a lower molecular mass than the HPV16 E7 protein ([Figure 4](#f0020){ref-type="fig"}*E*).

The cell lines reflected variability in EGFR expression with high expression in UM-SCC-17A, -38, -104, and -105 and low expression in UM-SCC-47, HeLa, and CaSki ([Figure 4](#f0020){ref-type="fig"}*F*). Cyclin D1 expression was most strongly expressed in UM-SCC-38 and to a lesser extent in UM-SCC-104, UM-SCC-105, HeLa, and CaSki. Low-level expression was detectable in UM-SCC-17A and -47. All of the cell lines, except CaSki, strongly expressed high--molecular weight Ki-67. Smears of degraded protein were present in most extracts but to a much lower degree in UM-SCC-47 and -104. UM-SCC-105 and HeLa, the two highest-expressing lines, had the most degradation. Only a lightly stained smear of degraded Ki-67 was observed in CaSki ([Figure 4](#f0020){ref-type="fig"}*H*). Total beta-catenin expression was similar in UM-SCC-17A, UM-SCC-38, UM-SCC-47, UM-SCC-104, and CaSki, with lesser amounts in UM-SCC-105 and barely detectable expression in HeLa ([Figure 4](#f0020){ref-type="fig"}*I*). A similar distribution was seen in active beta-catenin expression ([Figure 4](#f0020){ref-type="fig"}*J*). The lower level of beta-catenin expression in UM-SCC-105 was consistent with its less intense IF staining ([Figure 3](#f0015){ref-type="fig"}*D*). The semiquantitative analysis of biomarker expression supported these visual descriptions ([Table 2A](#t0010){ref-type="table"}, [Table 2B](#t0015){ref-type="table"}).Table 2ASemiquantitative Analysis of Biomarker Expression Relative to GAPDHTable 2AUM-SCC-17AUM-SCC-38UM-SCC-47UM-SCC-104UM-SCC-105HeLaCaSkiTP531.0015.020.160.072.760.800.90RB11.000.900.153.110.561.222.13p160.040.051.002.632.760.812.57E70.020.083.626.171.001.445.11EGFR1.001.240.641.761.180.460.94Cyclin D11.005.300.932.382.892.532.04Ki-671.001.760.790.993.214.530.62Total beta-catenin1.000.961.121.620.840.031.15Active beta-catenin1.000.780.901.200.350.031.19[^3]Table 2BSemiquantitative Analysis of E6 Biomarker ExpressionTable 2BUM-SCC-38UM-SCC-47UM-SCC-47[⁎](#tf0010){ref-type="table-fn"}UM-SCC-104UM-SCC-104[⁎](#tf0010){ref-type="table-fn"}UM-SCC-105UM-SCC-105[⁎](#tf0010){ref-type="table-fn"}HeLaCaSkiE60.350.230.260.524.421.002.329.140.18[^4][^5]

Genetic Analyses {#s0055}
----------------

To better understand the variations in protein expression among the cell lines, we examined the genetic analyses that have been performed on the UM-SCC cell lines used in this study \[[@bb0010],[@bb0100]\]. A summary of the status of *TP53, TP63, CDKN2A, RB1, ERBB1, CCND1*, and *CTNNB1* is shown in [Table 3](#t0020){ref-type="table"}. Expression of TP53 matched the genetic analysis of the five cell lines. All cell lines contain WT *TP53*, except for UM-SCC-38, which has a homozygous missense mutation of *TP53* consistent with its protein overexpression. We did not show expression of TP63 protein, but it is included in [Table 3](#t0020){ref-type="table"} since *TP63* is altered by an HPV16 E6\*1 ≥ E7 ≥ E1 insertion into intron 11, with *TP63* exon 14 reading into E5 of HPV16 \[[@bb0030]\]. The integrated region is amplified, which may influence the level of HPV16 E6 expression in UM-SCC-47. Curiously, only UM-SCC-17A has two WT copies of *TP63*. *TP63* is amplified by copy gain of chromosome 3q in all of the HPV+ lines, but in UM-SCC-38, there is a truncating mutation of one copy together with amplification of the other copy of *TP63*. *CDKN2A* is deleted in UM-SCC-38, which is consistent with the absence of expression of p16. UM-SCC-47 is hemizygous for *CDKN2A,* which may account for the reduced expression of p16. All cell lines are WT for *RB1* except for UM-SCC-104, which has a frameshift deletion. EGFR expression did not correlate with the genetic status of the cell lines. All UM-SCC cell lines have WT *ERBB1,* and except for UM-SCC-17A, all have copy number gain and express EGFR more strongly than the cervical cancer cell lines. Similarly, the genetic status of *CCND1* does not correlate with Cyclin D1 expression. UM-SCC-38 had the highest expression of Cyclin D1 despite having loss of heterozygosity at this locus. *CTNNB1* is WT in all cell lines, though UM-SCC-105 exhibited lower total and active beta-catenin.Table 3Genetic AnalysesTable 3GeneUM-SCC-17AUM-SCC-38UM-SCC-47UM-SCC-104UM-SCC-105*TP53*WT/WTHomozygous missense G396TWT/WTWT/WTWT/WT*TP63*WT/WT[⁎](#tf0015){ref-type="table-fn"}Truncating Mut/AMPHPV16 integ/AMPAMP WT/WTAMP WT/WT*CDKN2A*WT/WTHomozygous deletionWT/−WT/WTWT/WT*RB1*WT/WTWT/WTWT/WTFrameshift deletionWT/WT*ERBB1*WT/WT[⁎](#tf0015){ref-type="table-fn"}WT copy number gainWT copy number gainWT copy number gainWT copy number gain*CCND1*WT/WT[⁎](#tf0015){ref-type="table-fn"}WT/−WT/−WT/WTWT/−*CTNNB1*WT/WT[⁎](#tf0015){ref-type="table-fn"}WT/WT[⁎](#tf0015){ref-type="table-fn"}WT/WTWT/WTWT/WT[^6][^7]

Discussion {#s0060}
==========

The poor response to therapy in some HNSCCs, including nonresponsive HPV+ tumors, is not fully understood. Major risk factors, such as tobacco and alcohol use \[[@bb0135], [@bb0140], [@bb0145], [@bb0150]\], can worsen treatment response and decrease survival rates \[[@bb0070],[@bb0155], [@bb0160], [@bb0165]\]. Expression of viral-host fusions may also predict poor outcomes in HPV+ OPSCCs \[[@bb0030],[@bb0170],[@bb0175]\]. Of the HNSCC cell lines that we studied, three (two HPV+, one HPV−) were from the oral cavity, and all three oral cavity tumors progressed rapidly despite two having HPV infection and all three receiving aggressive treatment. In contrast, the donors of UM-SCC-17A and -105 had laryngeal cancers and experienced prolonged survival after treatment. It could be argued that the cartilaginous boundary of the larynx acts as a barrier to cancer spread and provided an advantage to the survival of these patients. However, the donor of UM-SCC-17A experienced progression after RT and had erosion through the laryngeal cartilage into the soft tissues of the neck, indicating that the cartilaginous boundary had been violated \[[@bb0090]\]. Furthermore, despite having a history of extensive tobacco use and extralaryngeal extension, the donor of UM-SCC-17A still experienced a 17-year disease-free interval after surgery \[[@bb0180]\]. The tumor in the donor of UM-SCC-105 may have been contained within the larynx, though the patient did receive surgery and full-course postoperative RT. Unlike the oral cavity tumor patients that donated UM-SCC-38, -47, and -104 and failed surgery +/− RT, it is reasonable to assert that the two patients with laryngeal cancers had less biologically aggressive tumors *in vivo*. Therefore, in this study, we analyzed these five cell lines for *in vitro* differences beyond HPV status or their primary etiologies that correlate with donor outcome.

The cell morphology ([Figure 1](#f0005){ref-type="fig"}) provided conflicting clues to biological behavior. UM-SCC-17A had a tendency after passage to proliferate in a stratifying manner to form tight colonies without migrating cells and formation of confluent monolayers. This might suggest a low propensity for migration and metastatic behavior. UM-SCC-38, -47, and -104, derived from aggressive tumors, formed large colonies that eventually fused to cover the entire culture surface, but this growth pattern alone does not provide clues to *in vivo* behavior. However, their very rapid doubling time compared to UM-SCC-17A and UM-SCC-105 does.

Proliferation analysis ([Figure 2](#f0010){ref-type="fig"}) of the cell lines reflected the aggressiveness of the tumors from which they were derived. UM-SCC-38, -47, and -104 grew rapidly with steep slopes, especially during the exponential growth phase. UM-SCC-17A exhibited a long lag phase of slower doubling time before the exponential growth phase, as did UM-SCC-105. Altogether, rapid entry into exponential *in vitro* proliferation, higher maximal doubling time, and shorter time to maximal density of the cell lines roughly correlate with the *in vivo* behavior of the corresponding tumors.

Biomarkers previously linked to cancer outcomes were examined by immunofluorescence and Western blotting for differences in protein expression across the cell lines. Immunofluorescent staining was best suited only to early phases of proliferation since staining for multiple markers became obscured with increasing confluence and multilayering of the cells.

Ki-67 protein is associated with actively cycling cells and has been reported as a controversial marker of rapidly proliferating tumors and improved response to chemotherapy, particularly in breast cancer \[[@bb0185], [@bb0190], [@bb0195]\]. During the midexponential growth phase, all cell lines in our study had strong IF expression of Ki-67 that corresponded to the abundant high--molecular weight protein observed in WB. However, Ki-67 did not distinguish the behavior of the cell lines from each other.

TP53 staining was high only in UM-SCC-38, consistent with its mutant *TP53*. In general, when *TP53* is mutated, the protein tends to be overexpressed and accumulates in tumor cells since the mutant forms are less effectively degraded. The HPV+ cell lines, as well as UM-SCC-17A, showed lower TP53 expression since they contain the [WT]{.ul} gene. These patterns in the HPV+ cells are consistent with E6-induced ubiquitination of TP53 and its export from the nucleus in HPV+ cells \[[@bb0200]\]. However, the degree to which this degradation takes place in the HPV+ cell lines is difficult to determine, especially since the level of E6 protein was relatively low and barely detectable, except in UM-SCC-104 and HeLa. This may reflect the high level of alternate splicing of E6 in these cell lines which have very low full-length E6 transcripts but abundant E6\*I and E6\*II transcripts \[[@bb0030]\]. The alternate transcripts lack the codons required for the critical amino acids involved in E6 dimerization necessary to recruit E6AP to TP53 for ubiquitination, nuclear export, and degradation \[[@bb0205],[@bb0210]\]. Comparatively higher [WT]{.ul} TP53 was common to UM-SCC-17A and UM-SCC-105, suggesting that perhaps tumors with stronger [WT]{.ul} TP53 expression are more responsive to treatment, as the donors of these cells lines had the best clinical outcomes.

As expected, only the HNSCC HPV+ cell lines expressed E6 and E7. The canonical E7-RB1 interaction \[[@bb0215]\] can explain the low RB1 expression in HPV+ tumors. Both HPV16+ cell lines, UM-SCC-47 and -104, had strong E7 expression. [UM-SCC-104, contains a frameshift mutation of *RB1.*The mutant RB1 protein expression was high indicating that the mutation did not interfere with its transcription and translation. The functional nature of the frameshift mutation is unknown, but the strong protein expression suggests that the mutation affects the E7-binding pocket. If the mutation adversely affects the E7 binding pocket that would impair the ability of E7 to sequester the RB1 protein resulting in high RB1 expression. Similarly, if the mutation alters the binding pocket it would also inhibit E2F-binding leading to continuos activation of E2F-mediated expression of cell cycle entry genes. This would contribute to the aggressive growth of the tumor in the UM-SCC-104 donor.]{.ul} Curiously, UM-SCC-105 and HeLa, both HPV18+, expressed E7 less strongly than the HPV16+ cell lines, which may be due to poorer binding of the HPV18 E7 antibody. [The HPV18-related E7 protein also migrated at a lower apparent molecular mass than the E7 protein from HPV16+ cell lines. The explanation for this is not known but suggests that HPV18 E7 protein may have a more compact tertiary molecular structure that migrates more rapidly in the in the gel.]{.ul}

Only the HPV+ cell lines expressed p16, which is consistent with actively expressed E7 binding to and sequestering RB1, thereby releasing E2F to continuously drive expression of cell cycle genes and p16 expression. UM-SCC-47 expressed p16 protein weakly as measured by both IF and WB. As *E7* message \[[@bb0030]\] and E7 protein were both strongly expressed in UM-SCC-47, the failure of stronger p16 expression in this cell line could be due to partial *CDKN2A* loss, mutation, or methylation \[[@bb0220], [@bb0225], [@bb0230], [@bb0235], [@bb0240]\], which is common in HPV− cancers \[[@bb0245]\] but rare in HPV+ cancers \[[@bb0085]\]. [In fact, Cheng et al.]{.ul} [\[]{.ul}[@bb0100][\]]{.ul} [reported haploinsufficiency of CDKN2A in UM-SCC-47]{.ul} ([Table 3](#t0020){ref-type="table"}), which can explain the weak p16 expression in this cell line. [UM-SCC-104 expressed p16 strongly, which is consistent with the hypothesis that the frameshift mutation of *RB1* inhibits E2F sequestration in this cell line. The basis for strong p16 expression in UM-SCC-105 is less clear.]{.ul} The strong p16 expression in UM-SCC-105 was accompanied by low E7 expression, but in spite of weak E7 expression, RB1 was also very low. The absence of strong RB1 expression may leave E2F available to drive early gene and p16 expression in UM-SCC-105. We noted that E7 expression was poorly identified by the E7 antibody in the HPV18+ HeLa cells as well as in UM-SCC-105. Thus, the apparently low E7 expression could be the result of weak antibody binding to HPV18 E7 protein, and the HPV18 E7 protein may be very effective in sequestering RB1, irrespective of the WB results. [Superior outcomes in non-OPSCC, determined to be p16+ by *in situ* hybridization, and presumed to be HPV positive, have been reported in three large Radiation Therapy Oncology Group studies]{.ul} \[[@bb0085]\][. However, HPV status and p16 expression level alone are not necessarily predictive for survival in individual cases as we observed for the donors of these cell lines.]{.ul}

While EGFR has been implicated as a biomarker of aggressive squamous cell carcinomas \[[@bb0150]\], it is expressed in most HNSCC tumor specimens \[[@bb0250]\]. All of the HNSCC cell lines displayed strong EGFR expression, except for UM-SCC-47. Undetectable to minimal expression was seen in the cervical cancer cell lines HeLa and CaSki. Clinical studies have shown value in targeting EGFR as an adjunct to radiotherapy, primarily in the treatment of tonsil cancers \[[@bb0255]\]. However, the level of EGFR expression did not predict response when anti-EGFR treatment was added to radiotherapy with cisplatin in p16+ HNSCC \[[@bb0255],[@bb0260]\]. Cyclin D1 has also been described as a marker of aggressive HNSCCs that is also associated with improved response to cisplatin chemotherapy \[[@bb0265],[@bb0270]\]. Among the HNSCC cell lines, only UM-SCC-38 had strong expression of Cyclin D1, but the cell line donor of UM-SCC-38 was not treated with chemotherapy. Thus, these markers did not distinguish differences in the cell lines as compared to the *in vivo* behavior in the patients.

Active beta-catenin participates in the canonical Wnt signaling pathway, leading to nuclear translocation, if it is not phosphorylated and degraded by the catenin destruction pathway \[[@bb0275]\]. Strong total and active beta-catenin expression was observed in WBs, except in UM-SCC-105 and HeLa. However, what may be more important is where the beta-catenin is localized. As assessed by IF, UM-SCC-17A and -105 both had primarily membrane-bound beta-catenin, whereas UM-SCC-38, -47, and -104 exhibited more nuclear beta-catenin. Membrane-bound beta-catenin is transcriptionally silent, whereas nuclear beta-catenin acts as a cofactor for TCF/LEF transcription factors that drive the expression of genes involved in cell proliferation \[[@bb0280]\]. Higher nuclear beta-catenin [localization is consistent with increased beta-catenin--driven transcriptional activity]{.ul} and more aggressive nature of the UM-SCC-38, -47 and -104 tumors. Similarly, absence of nuclear beta-catenin in UM-SCC-17A and -105 correlates with the better outcome in those patients\' tumors.

Other studies have reported clinical associations with cell line development and biomarker expression in colon \[[@bb0285],[@bb0290]\] and pancreatic \[[@bb0295]\] cancer cell lines, but those largely reflect the fact that most cancer cell lines are established from clinically aggressive tumors. A study from the University of Pittsburgh \[[@bb0300]\] investigated the success rate of HNSCC cell line establishment from 185 subjects, which resulted in 52 cell lines from 48 subjects. They found that tumors with 11q13 amplification and/or lymph node involvement were more likely to lead to successful cell line establishment. Additionally, the median observed survival time was 22 months if the tumor yielded a cell line and 60 months if it did not. If a tumor resulted in a cell line, the median DFS was 10 months, and if it did not, the median DFS was 37 months. Thus, it is clear that the establishment of an HNSCC cell line was a poor prognostic indicator. These studies reinforce the premise of this manuscript that tumor cell lines from long-term survivors are rare and that direct comparisons of the characteristics of cell lines that distinguish those from rapidly progressive tumors and those from long-term survivors are important areas for investigation.

[The strength of this study is the comparison of cell lines from long-term survivors with similar cell lines from patients with aggressive cancers in a comprehensive analysis of cell growth and biomarker expression in well-characterized HPV]{.ul}− [and HPV+ head and neck cancer cell lines.]{.ul} Protein expression was tested by immunofluorescence and Western blotting during the proliferation phase. The results demonstrated an advantage of Western blotting with respect to detection sensitivity and the ability to assess relative protein expression. However, for protein localization, as with beta-catenin, IF is more informative. Analysis of the genomic studies perfomed on the cell lines helped to explain differences in biomarker expression, which in turn helped to explain how these differences might correlate with outcome in the donor patients.

[This study was limited by the relatively small number of cell lines from long-term survivors that are available for testing; nevertheless, we believe that our data will be beneficial to those who use these cell lines in thier research.]{.ul} It will be of interest to expand analysis of *in vitro* growth patterns, level of [WT]{.ul} *TP53* expression, and nuclear beta-catenin expression to more cell line models to further test that these observations are factors that can relate to clinical behavior.

Conclusions {#s0065}
===========

Low maximal cell density, long lag phase, and slow growth in cell proliferation, as well as higher expression of [WT]{.ul} TP53 and lower expression of nuclear beta-catenin, were common to the cell lines derived from the HNSCC patients that experienced long-term DFS after definitive treatment. These results demonstrate that there are few key cell line characteristics that reflect the biologic behavior of these non-OPSCC tumors independent of primary etiologies and HPV status.

The following are the supplementary data related to this article.Supplementary Figure 1Immunofluorescence microscopy of protein biomarkers. Ki-67 (A), TP53 (B), and p16 (C) in all cell lines during days 1-3. (A, B) Photomicrographs were taken with an inverted light microscope equipped for fluorescence. (C) Images were taken using a confocal microscope. Confocal images were obtained at the same gain and exposure settings. Scale bars = 50 μm.Supplementary Figure 1Supplementary Figure 2Immunofluorescence microscopy of protein biomarkers. Ki-67 (A), TP53 (B), and p16 (C) in all cell lines during days 15-18. (A, B) Photomicrographs were taken with an inverted light microscope equipped for fluorescence. (C) Images were taken using a confocal microscope. Confocal images were obtained at the same gain and exposure settings. Scale bars = 50 μm.Supplementary Figure 2
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[^1]: HPV status was determined by the multiplex HPV PCR MassArray assay \[[@bb0020],[@bb0030]\]. Expression of HPV16 E6 and E7 was confirmed by RT-PCR of cDNA from the HOK-16B cell line. Lag phase is defined as the proliferation rate after plating until the inflection point when exponential proliferation begins (see [Figure 2](#f0010){ref-type="fig"}). Start of exponential proliferation is taken as the day that the growth curves change slope from the lag phase. Primary site and stage: Primary site is the site of the original diagnosis of head and neck squamous cancer, and staging is from first diagnosis. UM-SCC-17A and UM-SCC-104 were established from recurrent or persistent tumors after first treatment. *DOD*, died of disease; *NED*, no evidence of disease (alive).

[^2]: Donor of UM-SCC-17A died of a lung neoplasm, possible new primary cancer, or metastasis from the original larynx cancer.

[^3]: All semiquantitative biomarker comparisons except for p16 and E7 used UM-SCC-17A as the reference cell line. The p16 and E7 expressions in UM-SCC-17A were either too weak or absent to serve as a meaningful comparison. Instead, the HNSCC cell lines with the next lowest detectable p16 and E7 expressions were selected, which were UM-SCC-47 and UM-SCC-105, respectively.

[^4]: UM-SCC-105 during the early exponential growth phase was selected as the reference cell line for the semiquantitative comparison for E6 because it had the lowest detectable E6 expression that could serve as a meaningful comparison.

[^5]: Later exponential growth phase.

[^6]: Data from Cheng et al. (UM-SCC-38, UM-SCC-47, UM-SCC-104, UM-SCC-105) \[[@bb0100]\] and Nisa et al. (UM-SCC-17A) \[[@bb0010]\]. Sequencing of *TP53* in HOK-16B was not performed, but it is assumed to be WT. *AMP*, gene amplification. WT/− indicates a single copy loss. *TP63* is located on chromosome3q. In UM-SCC-104 and UM-SCC-105, 3q was present in multiple copies. In UM-SCC-47, HPV16 E6 ≥ E7 ≥ E1 is integrated into *TP63*, and the integrated region is amplified about nine-fold \[[@bb0015],[@bb0030]\].

[^7]: WT confirmed but heterozygosity not reported.
